Introduction
The coordination and organometallic chemistry of the actinides (An) is undergoing a resurgence in interest and new reactivity patterns, most notably in molecular uranium chemistry, are being uncovered that challenge understanding of how the 5f and 6d orbitals are involved in bonding to ligands.
1 Uranium(III) compounds have been extensively explored since new precursors for this oxidation state have been developed, 2 and the small molecule activation of compounds in this oxidation state has been nothing short of outstanding. 3 Uranyl(V) 4 and uranyl(VI) 5 chemistry, [UO2] n+ , has also developed at an unprecedented rate and new chemistry is being reported that enhances our knowledge of these species. Arguably the most impressive recent results are the synthesis of uranium(II) complexes from the Evans 6 and Meyer 7 groups or the successful isolation of elusive terminal nitrides of uranium(V) 8 and uranium(VI) 9 which illustrates the vibrancy of the field of actinide science.
The evidence for enhanced covalency in an An-L bond compared to the corresponding Ln-L (Ln = lanthanides) bond has the potential to form the basis for advanced nuclear fuel cycles. 10 Of in ionic liquids 25 has been reported and some recent structural and Raman spectroscopic data 26 have shed light on these species.
In this contribution we fully explore the chemistry of uranium thiocyanates in the +4 and +6
oxidation states using a suite of spectroscopic and computational measurements. A spectroelectrochemical investigation of the redox nature of [Et4N]4[U(NCS)8] will be reported and a comprehensive computational study allows the bonding to be analyzed in detail.
Results and Discussion

Structural and spectroscopic studies of [A]4[U IV (NCS)8] [1] (A = Et4N
.
The structural studies carried out in the 1970s showed that the Et4N + cation appeared to template the geometry of the [An IV (NCS)8] 4-anion (An = Th, Pa, U, Np, Pu), so that a cubic symmetry was favored, whilst the Cs + salts (An = Th, U) preferred a square antiprismatic geometry. This was postulated to be due to the crucifix type geometry of the anion packing against a cubic face of the anion. The small energy difference between the two geometries must therefore be governed by crystal packing effects. Changing the tetraethyl ammonium counterion to the longer n Bu4N + might be expected to give a lower symmetry and may shed light on the uranium coordination in ionic liquids using long chain tetraalkyl ammonium cations. Moreover, as a number of our spectroscopic measurements have been conducted in the presence of tetra-nbutyl ammonium cations, it is important to ascertain their influence on the structure. Accordingly The early reports on the synthesis of these thiocyanate species stated that the compounds were sensitive to air and moisture, and the hydrated compound [U(NCS)4(H2O) 4(18-crown-6 Figure S1 ) and AC susceptibility measurements ( Figure   S2 ) corroborate the +4 oxidation state so we believe this difference must be due to the change in geometry, as the solid state structures show no evidence of close contacts between uranium molecules. The AC susceptibility shows no unusual behavior, suggesting that in our examples at least, the ground state is not conducive for the SMM behavior. It is worth noting that this is the first study on the geometry dependence upon the magnetic susceptibility with the same ligand set. From these results it is clear that small changes in geometry can have a drastic change in the ground state configuration; we are exploring this in more detail and will report on our results in due course. Figure 4 ; that of the corresponding 17 The assignments shown in Figure 4 are the transitions from the Russell- (Table S4) . Attempts to obtain a photoluminescence spectrum of [Et4N]4[1] by excitation into any of the absorption bands in MeCN gave no detectable signal. This may be due to the high symmetry, which means the oscillator strengths of the bands are small. However, repeating the measurements in CD3CN does give a photoluminescence spectrum, which is shown in Figure 5a .
A broad, weak band centered at 410 nm is consistent with our observations on the uranium halide complexes, and the measured lifetime is 10 ns. Using the absorption spectra we can postulate that excitation into the ligand chromophore is followed by inefficient electron transfer and subsequent de-excitation through the f-orbital manifold; this is similar to our recent studies on [UX5(THF)] -whereby excitation occurred into the d-orbitals. As the emission profile is broad it is likely that the observed emission terminates in an envelope of energy levels. Essentially we are using an 'antenna' effect to sensitize the emission of the U(IV) complex, which is reminiscent of lanthanide photoluminescence spectroscopy. We were unable to measure the (Cp* = C5Me5), where no 5f-centered emission was observed following photoexcitation. Decay from the ligand centered singlet state proceeds directly through the 5f-electron manifold, resulting in efficient quenching of the emission and lifetimes of picosecond order. 43 Therefore on the basis of our studies we can postulate that uranium(IV) compounds that do not have ligand centered CT bands in the visible region of the spectra may show photoluminescent behavior. We are currently exploring this thesis in detail.
DFT Studies on the Bonding in [1] 4-
In order to gain further insight into the electronic structure of the studied compounds, especially the degree of covalency of the U-N bonds, which may be important in Ln/An differentiation in ionic liquids, we turn to density functional theory (DFT) that is increasingly being utilized in this field. 44 Geometry optimization of triplet [U(NCS)8] 4-using both pure (BP86) and hybrid (B3LYP) functionals with a TZVPP basis set resulted in square antiprismatic geometry, with the point group D4d, confirmed as an energy minimum by harmonic frequency calculation. A comparison between the calculated and experimentally determined bond lengths and angles for the square antiprismatic Cs4[1] is reported in Table 1 . The DFT geometries generally reproduce the solid-state geometry well; however, geometry optimization of isolated tetraanion [1] 4-results in exactly linear NCS groups, supporting the observation that the nonlinearity of these groups in the solid-state is due to crystal packing forces.
Previous DFT studies of actinide complexes reported significant differences in the description of metal-ligand bonding between pure and hybrid DFT methods. Table 1 indicates that BP86
reproduces the X-ray U-N and C-S bond lengths within an experimental error but significantly overestimates the N-C length. In contrast, B3LYP overestimates the U-N and N-C bond lengths. Given the apparent importance of crystal packing, it is not possible to deduce from this data whether one method gives a better description of bonding. Instead, the vibrational modes of the NCS group, especially the N-C stretching modes, allow a more reliable test of the performance of these methods. Not only is this mode easily observed in IR and Raman spectra, but it should also be sensitive to the electronic character of the U-N bonding. Bond
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The redox events in [Et4N]4[1] were further probed with spectroelectrochemistry (SEC) measurements 50 as an ideal tool for this type of systems where the ν(N=C) and ν(C=S)
frequencies of the thiocyanate ligand in the infrared spectrum and ligand based n-π* transition in the electronic absorption spectrum act as sensitive indicators. In addition, the f-f transitions in the uranium ion can also be used to monitor changes in its oxidation state, although due to the high orbital symmetry these bands are rather weak. The spectroelectrochemistry measurements were Figure 9 , whilst the infrared active C=S stretching frequency does shift only slightly (831 cm -1 ). NBO analysis supports the assignment of the 1e -oxidation as being ligand-based, indicating a loss of 0.18 electrons from each NCS -ligand, primarily from S, and not from the metal. This is in agreement with the SEC data suggesting a delocalization of the spin density over each NCS -ligand (vide supra).
The subsequent one-electron oxidation of [Et4N]3[1] in acetonitrile at +0.52 V was also investigated spectroelectrochemically (Figures 10 and 11 ). In the IR spectra ( Figure 10 ) the ν(C=N) band at 2031 cm -1 (shown in pink) decreased in intensity and a new weak band ν(C=N) grew in at 2160 cm -1 (green spectrum), which matches the wavenumber reported for dithiocyanogen, NCS-SCN. 53 The electronic absorption near 320 nm most likely also belongs to this product (cf. Figure S7 ). Back reduction of dithiocyanogen at ca. , green -after the irreversible oxidation to producing (among others) (NCS)2 (λmax = 320 nm); black -after the back reduction of (NCS)2 producing mainly [Et4N]3 [3] [3] . One manifestation of the CCI's is a reduction in the U=O bond stretching frequencies in the Raman and infrared spectra ( Figure S8) ; there is little shift compared to
[Et4N]3 [3] , suggesting that these interactions are very weak. In solution the vibrational data are identical to [Et4N]3 [3] , indicating that the coordination polymer is not stable. Figure 12 . Solid state structure of [4] showing the packing structure (left) and the uranyl coordination sphere (right) (U = green; N = blue; C = grey; S = yellow; Cs = purple; O = red).
Spectroelectrochemical studies of [Et4N]3[3]
Given the facile ligand based 1e The redox couple marked with the asterisk is due to the Cp2Fe internal standard. Figure S9 ). The mechanism of the uranyl(V) disproportionation path was not studied in detail.
DFT calculations
Using the same functional and basis sets as for the study of [1] 4- , DFT data for three uranyl compounds were calculated (Table 4) , with the HOMO and LUMO of [3] 3-shown in Figure 14 .
NBO analysis gives σ-and π-U=O NBO's in addition to the NCS fragments as for [1] 4-; these are shown in Figure S10 . Agreement between experiment and theory for the uranyl(VI) complex is again reasonably good for both geometry and vibrational frequencies. Bond lengths and vibrational frequencies associated with thiocyanate are generally very similar to [1] 4-, while U=O data are comparable to those in previous reports. Geometric and vibrational data for the one electron oxidation of [3] 3-are included in Table 4 . From the calculations it is clear that the electron is lost from the S termini. Atoms-in-Molecules analysis gives 4 charges on S of -0.684
(very similar to parent complex) and one +0.354, i.e., localized electron loss. In contrast, NBO analysis suggests a delocalized electron loss, with each S losing about 0.2 electrons being consistent with the delocalized nature of the HOMO. Table 4 also contains DFT predictions for the result of one-electron reduction to the uranyl(V) species. This finds significantly longer (by more than 0.2 Å) U-N bonds as well as slightly longer U=O and C-S bonds, while N-C bonds are almost unaffected by the reduction. NBO analysis sheds light on these changes: charges in the uranyl(VI) and reduced complexes on U are +1.02 and +1.35, on O -0.47 and -0.65, and on NCS -0.62 and -0.82, respectively. Thus, the added electron resides mainly on O and NCS, particularly S, rather than on the metal, despite the LUMO lying on U. Moreover, the uranyl(VI) complex contains 3 U=O, 1 U-N, 3 N-C and 1 C-S bonding orbitals, which fall to 3, 0, 3 and 1 in the reduced complex, reflecting an increased ionic character in the reduced complex. 
Atoms in Molecules Analysis
Atoms in molecules (AIM) analysis concentrates on the topology of the electron density, giving complementary information to that from NBO, and is increasingly utilized for actinide compounds. 63 AIM analysis looks for bond critical points (BCP) between two atoms, and the chemical bonding can be characterized by the properties of these BCPs. Table 5 reports properties evaluated at bond critical points for An-N and the ligand N=C and C=S bonds in a series of compounds. It is worth noting that the N=C and C=S data provide a good internal check of our calculations as they are essentially covalent. These data indicate that all compounds shows that the bonding is essentially identical, in contrast to that obtained by NBO analysis. This data also shows that a U IV -NCS bond is more ionic than a U IV -Cl, whilst for U(VI) the bonding is essentially identical. However DFT studies on the putative uranyl(V) compound have been conducted and there is a weakening of the U-N and U=O bonds upon reduction. AIM analysis concludes that the U-N bond in all the species studied is essentially ionic but a U(IV)-Cl bond is less ionic than a U(IV)-N bond.
Experimental
Caution! Natural uranium was used during the course of the experimental work. As well as the radiological hazards, uranium is a toxic metal and care should be taken with all manipulations.
Experiments using uranium materials were carried out using pre-set radiological safety precautions in accordance with the local rules of Trinity College Dublin and the University of Reading.
All manipulations were carried out using standard Schlenk and glove box techniques under an atmosphere of a high purity dry argon. IR spectra were recorded on a Perkin Elmer Spectrum
One spectrometer with attenuated total reflectance (ATR) accessory. Raman spectra were obtained using 785-nm excitation on a Renishaw 1000 micro-Raman system in sealed capillaries.
Thermal and field scans of DC and AC magnetization were carried out using a 5T Quantum Design MPMS XL SQUID magnetometer from 2 to 300 K. Powdered samples were fixed by eicosane and mounted in gel caps, which have a temperature-independent diamagnetic susceptibility, in a glove box and the gel caps were placed in sample straws for the measurement.
Multiple measurements were taken to ensure reproducibility. Diamagnetic corrections were made using Pascal's constants. Hamiltonian. 74 Natural bond orbital (NBO) analysis 75 was performed using Gaussian09; Atomsin-Molecules (AIM) analysis used AIMAll. 76 Topological analysis of the electronic density (ρ) is based upon those points where the gradient of the density, ∇ρ, vanishes 77 . In this work we consider points where one curvature (in the inter-nuclear direction) is positive and two (perpendicular to the bond direction) are negative, termed (3, -1) or bond critical points.
Properties evaluated at such points characterize the bonding interactions present. The second derivative of ρ or Laplacian, ∇ 2 ρ, and the bond ellipticity, the ratio of the two negative curvatures, are reported, as is the local energy density, H, defined as the sum of the kinetic and potential energy densities. An electron density (ρ) of 0.2 a.u. or greater typically signifies a covalent bond and less than 0.1 a.u. indicates closed shell (ionic, Van der Waals etc.). The
Laplacian of this function (∇ 2 ρ) is typically significantly negative for covalent bonding and positive for closed shell interactions. The ellipticity, ε, measures the shape of the electron density distribution in a plane through the BCP and thus determines the degree of cylindrical symmetry in a bond. H is the total energy density (kinetic + potential energies) and is typically negative for covalent bonds. This reveals whether accumulation of electronic density is stabilizing (E<0) or destabilizing (E>0 
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